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Introduction
Degenerative disc disease (DDD) is one of the most frequently occurring ailments and can lead to serious morbidity and disability [4, 7] . The disease process is thought to involve sequential events that lead to a loss of cells and the disc matrix [8] . With increasing age, the changes in disc morphology become disorganised, the annular lamellae become irregular, and collagen and elastin networks appear to become disrupted. These processes involve changes in nerves and blood vessels [39] . The current treatment of DDD is more symptomatic than curative. Thus, there is a need to search for a potentially reparative or regenerative treatment for DDD.
New experimental therapies aim to treat DDD at the genetic, cellular, and molecular levels. The most straightforward approach to repair a degenerated disc is the delivery of different cells into the nucleus pulposus (NP) to increase extracellular matrix (ECM) synthesis. A variety of cells have been used, including NP cells [33] [34] [35] , chondrocytes [1, 19] , and mesenchymal stem cells (MSCs) [13, [21] [22] [23] 25, 44, 52, 53] . All of these cell types have exhibited potential for slowing or repairing degeneration.
The studies of Steck et al. suggest that bone marrow-derived mesenchymal stem cells (BM-MSCs) could differentiate toward an NP-like phenotype in vitro [46] . Moreover, MSCs transplanted to degenerative discs in rabbits proliferated and differentiated into cells expressing some of the major phenotypic characteristics of nucleus pulposus cells, suggesting that these MSCs may have undergone site-dependent differentiation [43] . Mesenchymal stem cells can also differentiate into the chondrocyte-like cells present in the NP and regenerate the matrix. However, since the phenotype of NP cells has not been clearly characterised, confirmation of the differentiation from MSCs to NP cells has not been achieved [15, 16, 26] . These novel techniques are currently being investigated and have shown promise in small animal models [3, 49, 50] , but results in larger vertebrates have been ambiguous [1, 21, 22] . Thus, an experimental animal model that mimics the degenerative process in humans, and is reproducible and easy to implement, is crucial to establish a new therapeutic modality [2, 11, 30] . The models developed could be used in pharmacological studies or new tissue engineering interventions, such as stem cell therapy or new spinal implant testing. The animal models of intervertebral disc (IVD) degeneration are based on NP aspiration with a needle, or intra-NP injections of proteolytic enzymes [2, 30] . However, these acute models probably do not reflect the complexity of the onset of IVD degeneration during natural aging, which also involves an early dehydration of the NP extracellular matrix. The advantage of modelling IVD in large animals such as pigs is that larger disc size, similar to that in humans, is related to the greater nutrient restriction present compared to small animal models. The larger disc size more closely mimics the conditions in adult human IVDs, where nutrients must travel up to 8 mm from the terminal end of the blood vessel to cells in the centre of the disc [6] . Despite some breakthroughs in IVD regeneration methods, many questions remain unanswered before clinical exploitation, such as the optimally effective stem cell type, the reliability and reproducibility of the transplantation method, and the fate of stem cells after misdirected delivery. Based on our previous results [5] , we conducted a pilot study to model disc regeneration after autologous mesenchymal stem cell transplantation. To monitor the induced changes of the degenerated disc, as well as morphologic and histologic characteristics, MRI and histological studies were performed.
Material and methods
Animals and surgical procedures
The surgical procedure described previously was followed in this study [5] . Experiments were performed on female Large Polish White pigs at approximately 12 weeks old (30 kg, n = 10). All animals were housed and treated in accordance with rules approved by the Ethics Committee (conforming to the Principles of Laboratory Animal Care, NIH publication no. 86-23, revised 1985). Prior to administration (30 min) of the main anaesthetic, the animals were pretreated with atropine sulphate (Polfa, Poland; 0.04 mg/kg body weight, s.c.) and azaperone (Stressnil, Janssen Pharmaceutica, Belgium; 2.0 mg/kg body weight, i.m.). The surgical procedure was performed under fractionated thiobarbital (Thiopenthal, Sandoz, Austria; 20 mg/kg body weight, IV) anaesthesia. After four weeks, five animals were re-anaesthetised and euthanised by an overdose of thiobarbital. The same procedure was performed eight weeks later for the follow-up group of five animals.
Isolation of mesenchymal stem cells
Mesenchymal stem cells were isolated from the bone marrow of porcine donors (n = 10, 30 kg) according to the protocol of Grisendi et al. [18] . Briefly, a phosphate-buffered saline (PBS)-diluted cell fraction of bone marrow was layered over a Ficoll density gradient (1.077 g/ml, GE Healthcare), followed by centrifugation at 400 G at room tem-perature for 40 min. Nucleated cells were collected, diluted with two volumes of PBS, centrifuged twice at 100 G for 10 min, and finally resuspended in culture medium. Cells were plated and expanded in a T-75 flask and grown for 14 days at 37°C and 5% CO 2 , with medium changes every three days.
Intervertebral disc vaporisation procedure
The IVD vaporisation procedure was performed as described previously [5] . Disc degeneration was induced at levels L2/L3, L3/L4, L4/L5, and L5/L6. Level L1/L2 was a non-injury control. Level L5-L6 was a non-transplantation control.
Cell transplantation
Immediately prior to transplantation, BM-MSCs were washed with PBS, harvested by trypsinisation, and suspended in HyStem hydrogel (Glycosan Biosystems) at a concentration of 1 × 10 6 /ml. Autogenic MSCs embedded in HyStem hydrogel were transplanted into the degeneration-induced L2/L3, L3/L4, and L4/L5 discs in anaesthetised pigs. The entire cell transplantation procedure was performed as described previously [5] .
Magnetic resonance imaging
Magnetic resonance imaging scans were used to assess the signal intensity and water content of the discs. A spinal surface coil was placed over the backs of the anaesthetised animals. Pigs were placed in the MRI scanner (3T MRI scanner Magnetom TRIO, Siemens) in a supine position, and the axial, coronal T2-weighted images (TE/TR = 102/4500, AV = 1, Res = 560 × 560 × 3000 μm) of the spine were acquired with the same coil geometry.
Image processing
T2-weighted coronal images centred at the intervertebral disc were used to manually draw regions of interest (ROIs) encompassing the entire disc area. The same ROIs were selected for datasets acquired prior to injury as well as for those acquired four and eight weeks post injury. Signal intensity values were normalised using signal intensity in the control non-injured disc from the same animal. For each experimental group ROI signal intensity was reported as mean ± SEM [28] .
Histological analysis
After the animals were euthanised, discs from each group were harvested for histological studies. The whole discs with the vertebrae adjacent to the injured and non-affected segments (L1-L6) were removed and dissected. Tissue was fixed in phosphate buffered 4% paraformaldehyde followed by cryopreservation in 30% sucrose and sectioning at a 7 μm thickness (Hyrax C25, Zeiss) for histomorphometric analysis. A total of 50 discs were analysed, of which 10 constituted non-injury control, 10 non-transplantation control, and 30 discs were after cell transplantation. Sections were stained with Safranin O with fast-green counter staining [40] .
Histological images were analysed qualitatively under a light microscope (Olympus BX51; Olympus) at magnifications ranging from 4× to 40× to investigate changes in the NP and the AF. Two independent observers graded the results in a blinded manner. All harvested degenerated discs were compared to control discs within a single animal.
The proteoglycan content ratio of the cartilage (PCR) was approximated by the quantification of the Safranin O staining intensity (SOI) of the histological section. The intensity was evaluated in the superficial (S) and in the deep (D) zones of the cartilage by a manual delimitation at the upper margin of the D zone.
It was automatically measured as the result of the optical density calculated on a grey-scale obtained in the red component of the light crossing the section. In order to minimise the difference in the Safranin O staining between the sections, and to limit the effect of PCR variation during the experimental OA in the S and in D zones, the following ratio was then calculated: the SOI in the S zone was divided by the SOI in the D zone. This justifies the expression of the PCR as a ratio.
Statistical analysis
All data were expressed as the mean ± standard error. The Kruskal-Wallis test and the Mann Whitney U test were used to analyse nonparametric data (histological grading) for the effect of treatment. Statistical analysis was performed using the SPSS program package.
All averaged data were tested using the Lilliefors test for normal distribution [26] . Statistical significance was set at α = 0.05 a priori.
Results
Culture of porcine bone marrowderived mesenchymal stem cells
After 10 to 14 days in culture, cells became relatively homogeneous and had a spindle-shaped ap pearance when approaching confluence. This morphology remained unchanged until the release of cells for treatment.
Magnetic resonance imaging
The analysis of signal intensity in T2-weighted transverse images of the intervertebral discs was the basis of the presentation of the evolution of the visible characteristic of the discs after the laser vaporisation only (Fig. 1B) or additional BM-MSCs injection (Fig. 1C ) and control discs (Fig. 1A) . After eight weeks, there was observed lower percentage (36.1%) of progression of disc degeneration (as the lowering of T2-weighted signal intensity) in the IVDs after BM-MSC transplantation than observed in only injured IVD (46.7% progression) (Fig. 2) . Four weeks after the injury the T2 signal intensity index decreased in both impacted groups of IVDs (without and with BM-MSCs transplantation; Fig. 3 ).
Histological changes
Safranin O staining revealed many morphological changes ranging from normal to severely degenerated. Control, non-affected discs had a smooth The boat-shaped NP comprised at least one-half of the disc area at the midsagittal cross-section. The nucleus pulposus consisted of numerous large and vacuolated cells (Fig. 4A ). In the intact discs, the inner annulus and part of the outer annulus showed similar, strong Safranin O staining. However, the stained sections were not homogeneous, as some regions were stained very intensely compared with the surroundings. The superficial annulus displayed a normal pattern of fibrocartilage lamellas shaped in the posterior aspect of the disc. In the evaporated discs, the positively Safranin O stained area of the AF, as well as in the NP, was decreased. In degenerated discs, we observed changes in the extracellular matrix (discontinuity, matrix vertical fissures into the mid zone, or matrix loss) and cell architecture (dead cells, hypertrophy, clusters). Moreover, in the mid zone, the disorientation of chondron columns and cationic stain matrix depletion could be noted (Fig. 4B) . After MSC transplantation, certain tissue changes, indicative of the regeneration process, were observed. The NP and annulus fibrosus consisted of large and vacuolated cells. In the deep zone of the annulus fibrosus, an increase in the cationic stain was observed (Fig. 4C) .
Proteoglycan content ratio
The proteoglycan content was evaluated by measuring the SOI in the superficial and the deep layers of the intervertebral disc cartilage. The SOI in the affected discs after MSC transplantation tended to be higher compared to controls; however, the differences were not significant.
Discussion
Mesenchymal stem cells have been recognised as the most likely candidate for in vivo NP repair. The use of MSCs in the present study was appropriate because these cells have the ability to undergo multilineage differentiation, and are also highly viable in vitro. Previous results from in vitro and animal studies indicated that using expanded bone marrow MSCs to treat degenerative disc disease may be effective [37] [38] [39] 42, 43] . Bone marrowderiv ed MSCs have been injected into the intervertebral discs of rabbits [42] [43] [44] , rats [13] , dogs [21] , and goats [55] and have demonstrated meaningful regenerative potential. This may be due to the fact that after introducing MSCs into the damaged and hypoxic environment of the NP, MSCs differentiate into chondrocyte-like cells native to the NP, both ex vivo and in vivo [10, 14, 38, 42, 45] , or to their trophic effect on NP cells by increasing viability [51] or, for example, by increasing collagen type II gene expression [50] . Favourable data have also been reported with MSC transplantation in human discs [24, 35, 54] . Fig. 2 . Nucleus pulposus signal intensity index. T2-weighted signal intensity was measured four and eight weeks after injury. Percentage decrease in the mean T2 signal intensity of intervertebral discs was used as injured control (lines) and after bone marrow-derived mesenchymal stem cells transplantation in relation to their initial (lattice). Those results proved that MSCs are able to survive and proliferate after implantation into the IVD. Serigano et al. [44] demonstrated that the number of cells transplanted affects the regenerative capability of MSC transplants in experimentally induced degenerated canine discs. The optimal BM-MSC injection dose to maintain survival and localisation of BM-MSCs within the central NP region was a dose of 10 5 and 10 7 cells/disc, but 10 6 cells/disc showed the least apoptosis with similar regenerative efficacy compared with a higher injection dose. Similar results for disc regeneration were achieved when adopting a lower dose (0.5 × 10 6 cells/disc) compared with the higher dose (4 × 10 6 cells/disc), but the lower dose showed superior cell survival [17] . This supports the finding of Serigano et al. [44] that the avascular IVD has a defective nutrient supply that may suppress the survival of MSCs when excess cells are injected [17, 44, 45] . We, therefore believe that the dose we chose is optimal for cell survival, and that the observed regeneration process may be a result of MSC differentiation toward NP cells or their paracrine effect.
However, the success of stem cell-based therapy for the treatment of intervertebral disc degeneration (IVDD) depends on the efficient delivery of transplanted cells, long-term retention within damaged tissue, appropriate differentiation, and the production of an extracellular matrix. The transplanted cells deposit new matrix proteins, enabling the disc to recover its function [20] . Vadala et al. demonstrated that MSCs in suspension tend to leak into the surrounding disc, which leads to osteophyte formation. Histological analysis of intervertebral discs after MSC transplantation showed the presence of the osteophytes, which were composed of mineralised tissue surrounded by chondrocytes, with the labelled MSCs among the osteophyte-forming cells. The presence of MSCs in the osteophytes suggests a potential side effect with this approach [50] . The use of scaffolds in the transplantation of MSCs diminishes the risk of 
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cell leakage, which is critical for clinical application [32, 34, 47] . The method of cell delivery used in the present study was based on the introduction of MSCs suspended in hydrogel. BM-MSCs and hydrogel were administered to the damaged disc under fluoroscopic guidance. Moreover, an injectable hydrogel, acting as a reservoir for cell delivery and mimicking the native environment, provides a framework for MSC growth and differentiation, and offers promise for NP repair and regeneration [12] . Bendtsen et al. [6] showed that MSCs suspended in hydrogel were able to maintain blood flow, volume, and the permeability of vertebral endplates and subchondral bone for a period of three months.
The few in vivo studies have shown promise in retaining disc height and MRI T2 signal intensity, which is the gold standard in determining disc health [36, 37] . MSCs transplanted into degenerative discs in rabbits proliferated and differentiated into cells expressing some of the major phenotypic characteristics of nucleus pulposus cells, suggesting that these MSCs may have undergone site-dependent differentiation. At MRI imaging, degenerating IVDs treated with MSCs showed improvement compared to controls, both in IVD height and hydration [42] . Disc height and signal intensity have been used as indicators of disc degeneration. Modic et al. [31] reported that the signal loss in the disc on T2-weighted MRI scans correlated with the progressive degenerative changes in the IVD. A high signal intensity on T2-weighted images on MRI is often used to evaluate water content in the IVD [9, 30] . We observed that the signal loss in the damaged disc was less pronounced in the group of IVDs after MSCs transplantation. To display the correlation between tissue alterations and disc degeneration repair observed in MRI, histological staining was performed as a method of validation.
Conclusions
A delivery of BM-MSCs into degenerative discs leads to a slowdown in the degeneration process. These results showed that PLDD, as well as cell transplantation, can be performed at the same time, thus facilitating the application of cell therapy and avoiding extended treatment. Our results show that autologous MSC transplantation is both feasible and safe, with no major adverse effects recorded.
